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Structural homeostasisThe miR-17 family of microRNAs has recently been recognized for its importance during lung development.
The transgenic overexpression of the entire miR-17–92 cluster in the lung epithelium led to elevated cellular
proliferation and inhibition of differentiation, while targeted deletion of miR-17–92 and miR-106b–25
clusters showed embryonic or early post-natal lethality. Herein we demonstrate that miR-17 and its paralogs,
miR-20a, and miR-106b, are highly expressed during the pseudoglandular stage and identify their critical
functional role during embryonic lung development. Simultaneous downregulation of these three miRNAs in
explants of isolated lung epithelium altered FGF10 induced budding morphogenesis, an effect that was
rescued by synthetic miR-17. E-Cadherin levels were reduced, and its distribution was altered by miR-17, miR-
20a and miR-106b downregulation, while conversely, beta-catenin activity was augmented, and expression
of its downstream targets, including Bmp4 as well as Fgfr2b, increased. Finally, we identiﬁed Stat3 and
Mapk14 as key direct targets of miR-17, miR-20a, and miR-106b and showed that simultaneous
overexpression of Stat3 and Mapk14 mimics the alteration of E-Cadherin distribution observed after miR-
17, miR-20a, and miR-106b downregulation. We conclude that the mir-17 family of miRNA modulates FGF10–
FGFR2b downstream signaling by speciﬁcally targeting Stat3 and Mapk14, hence regulating E-Cadherin
expression, which in turn modulates epithelial bud morphogenesis in response to FGF10 signaling.© 2009 Elsevier Inc. All rights reserved.Introduction
Lung development is under the control of a complex network of
regulatory proteins including those that participate in the FGF,
TGFbeta, SHH, and WNT pathways (Cardoso and Lu, 2006; Warburton
et al., 2005). Branching and growth of the epithelium are principally
controlled by the FGF10–FGFR2b signaling pathway, wherein a
mesenchymal FGF10 gradient acts as a chemoattractant for the
endoderm and promotes its proliferation (Bellusci et al., 1997; Park
et al., 1998) Fgf10 expression is strictly controlled by endodermal SHH
pathways that function to ﬁnely tune Fgf10 expression, assuring the
correct size and shape of the growing buds (Pepicelli et al., 1998;
Warburton, 2008). The growth of the developing lung must be
continuously calibrated. In the mesenchyme, for example, ﬁbronectin
deposition is strictly controlled by WNT signaling during the earlyrton).
l rights reserved.stages of branching morphogenesis, and alterations of such regulation
lead to impaired branchingwith enlarged terminal buds (De Langhe et
al., 2005).
Cadherins are a large family of glycoproteins that mediate speciﬁc
cell–cell adhesion in a Ca2+-dependent manner (Van Roy F. and Berx
G., 2008). E-Cadherin (CDH1) is an important cadherin that is highly
expressed in the epithelium throughout lung development. Structu-
rally, CDH1 is comprised of a single transmembrane domain, an
ectodomain for binding to other adjacent cells (Leckband and
Prakasam, 2006), and a cytoplasmic domain that interacts with a
variety of molecules that link CDH1 to the actin cytoskeleton, and
hence to cell signaling and trafﬁcking mechanisms (Bryant and Stow,
2004; Mege et al., 2006; Yap and Kovacs, 2003). Cdh1 expression is
promoted by transcription factors that bind cis-regulatory elements
present in introns 1 and 2 (Goomer et al., 1994; Hennig et al., 1996; Liu
et al., 2005), and can also be downregulated by speciﬁc transcription
factors and corepressors (Peinado et al., 2007; Shi et al., 2003). CDH1
can undergo endocytosis and recycling through an endosomal
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dynamic morphogenetic processes (Bryant and Stow, 2004). CDH1
endocytosis, ubiquitination, and transport to the cell surface are ﬁnely
regulated, adding another level of control over its activity (Davis et al.,
2003; Palacios et al., 2002; Palacios et al., 2005). The regulation of
Cdh1 and its network of regulatory molecules has been widely
investigated at the transcriptional and post-translational levels, but
the effect of translational regulation is poorly understood.
An emerging understanding of the functional roles of microRNAs
(miRNAs) in the post-transcriptional regulation of gene expression
has shed light on the growing importance of these sub-cellular
interactions. MiRNAs are small non-coding RNAs that can bind the 3′-
UTR of targetmRNAs and thus speciﬁcally inhibit their translation. The
function of miRNAs can vary from acting as a molecular switch for
speciﬁc events, to ﬁnely tuning or maintaining the stability and
robustness of speciﬁc states. MiRNAs can also function as a control to
eliminate speciﬁc gene expression on a translational level in speciﬁc
locations (Brennecke et al., 2003; Cohen et al., 2006; Hornstein et al.,
2005; Johnston and Hobert, 2003; Kwon et al., 2005; Sokol and
Ambros, 2005).
In the lung, tissue-speciﬁc deletion of Dicer, the enzyme
responsible for producing active miRNAs, results in branching arrest,
revealing the importance of miRNAs for epithelial morphogenesis
(Harris et al., 2006). The miR-17 family of miRNA, is comprised of
three paralog clusters (miR-17–92, miR-106a–363, and miR-106b–
25). The miR17–92 cluster has recently been described for its
importance during lung development. In mice the miR-17–92 cluster
is located on chromosome 14 and contains six miRNAs (miR-17, miR-
18a, miR-19a, miR-20a, miR-19b-1, andmiR-92–1). ThemiR-106a–363
cluster is located on mouse chromosome X and contains six miRNAs
(miR-106a, miR-18b, miR-20b, miR-19b-2, miR-92–2, and miR-363),
while miR-106b–25 is located on mouse chromosome 5 and contains
three miRNAs (miR-106b, miR-93, and miR-25). Transgenic over-
expression of the miR-17–92 cluster has been produced, showing its
importance in controlling differentiation and proliferation of lung
progenitor cells (Lu et al., 2007). Targeted deletion of the miR-17–92
cluster has been shown to produce smaller embryos with post-natal
lethality, characterized by severely hypoplastic lungs. Furthermore
during combined deletion of miR-17–92 cluster and its paralog miR-
106b–25, mice showed earlier lethality before embryonic day 15
(Ventura et al., 2008).
Hereinwe report a speciﬁc functional role for miR-17, miR-20a, and
miR-106b, in maintaining the structural homeostasis of developing
lung epithelium.We show that miR-17, miR-20a, andmiR-106b, target
Mapk14 and Stat3 and thereby contribute to correctly modulating
CDH1 expression in the epithelium in response to FGF10–FGFR2b
signaling.
Materials and methods
RT-PCR and Real-time PCR
Total RNA was extracted using a miRNesasy Mini Kit (Qiagen)
following the manufacturer's recommendations. For RNA extraction
from lung tissue a pool of three samples was used. RT-PCR for mRNA
was carried out using SuperScript II reverse transcriptase (Invitrogen)
with random primers, while in RT-PCR for miRNA the TaqMan
MicroRNA Reverse Transcription Kit (Applied Biosystems) was used.
In both cases, reactions were assembled following the manufacturer's
recommendations.
Real-time PCR was performed on a LightCycler 480 system
(Roche). The universal probe library (Roche) was used for the analysis
of mRNA expression. ThemiRNA Early Access Kit or TaqmanmicroRNA
assays (Applied Biosystems) were used for the screening of miRNAs
differentially expressed during different stages of lung development.
Primers and probes were used at a ﬁnal concentration of 250 nM and125 nM respectively. Following denaturation for 10 min at 95 °C, 45
cycles were performed with 10 s at 95 °C and 30 s at 60 °C. A relative
quantiﬁcation was performed using LightCycler 480 Software, and
data were normalized with Actb for mRNA and U6 RNA for miRNA.
Immunoblotting
Samples were lysed in RIPA buffer (50 mM Tris–HCl, pH 7.4,
150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, and
0.1% SDS) containing 1:100 dilution of protease inhibitor cocktail set
III (Calbiochem). Immunoblotting was performed as previously
described (Ding et al., 2007). The following primary antibodies were
used: CDH1 (BD Biosciences) was used at 1:1000, STAT3 (Cell
Signaling) was used at 1:2000, and MAPK14 (Cell Signaling) was
used at 1:2000. ACTB (Chemicon) was used as a loading control and
was used at 1:2000. Protein quantiﬁcation was produced by
densitometry analysis with the software Image J (Rasband W.S., U. S.
National Institutes of Health, Bethesda, Maryland, USA, http://rsb.
info.nih.gov/ij).
In situ hybridization
Embryonic lung and epithelial lung explants were ﬁxed in 4%
paraformaldehyde (PFA) in phosphate-buffered saline (PBS) with
rocking at 4 °C for 2 h and 5 min respectively, washed twice for 5 min
in PBS at 4 °C, dehydrated in several washes with 70% ethanol (EtOH),
and stored in absolute EtOH at−20 °C. For the in situ hybridization of
miR-17 we used a modiﬁed protocol (Winnier et al., 1995) after taking
the short size of mature miRNA into consideration. Samples were
washed in Tris-Buffered Saline (TBS)/Tween-20 0.1% (TBST), digested
with Proteinase K, ﬁxed again in 4% PFA and washed in TBST. The
samples were then transferred to hybridization buffer (Formamide
50%, SSC 5×, tRNA 0.05 mg/ml, sodium dodecyl sulfate 1%, Heparin
0.05 mg/ml) for 1 h at 50 °C and then hybridized with the probe at
55 °C over night. Locked Nucleic Acid (LNA) probes (Exiqon) were
used to increase the stability of the hybridization. The next day the
lung was washed with standard washing solutions. All washes were
performed at 50 °C. After the washes the lungs were added to blocking
solution made with sheep serum for 1 h and then incubated over
night a 4 °C with anti-DIG antibody. The color reactionwas performed
with BM Purple solution after washes with TBST and NTMT (NaCl
100 mM, Tris pH9.5 100 mM, Tween-20 0.1%).
Isolated epithelial explant culture
Lungs from E11.5 embryos were treated with dispase (BD
Biosciences) for 5 min at 4 °C and then transferred to Dulbecco's
Modiﬁed Eagle's Medium:Nutrient Mixture F-12 (DMEM:F12) with
10% fetal bovine serum (FBS) (Invitrogen) to block the enzymatic
reaction. The epithelial buds were separated from mesenchyme using
tungsten needles (Fine Science Tools), embedded in 200 μl of Matrigel
(BD Biosciences) diluted 1:1 with DMEM:F12 serum-free media
containing 250 ng/ml FGF10 (R and D Systems), and left to polymerize
by incubation at 37 °C for 20 min . The same media used for the
matrigel mix was then added to the surface of the polymerized gel,
and the samples were incubated at 37 °C (modiﬁed from Bellusci et al.
(1997)). Locked nucleic acid against miR-17 (LNA17) or scrambled
(SCRA) (Exiqon), or miR-17 mimic molecules (MIM17) (Thermo
Scientiﬁc), were added at 1.5 μM to the isolated epithelium in
presence of 0.3% lipofectamine RNAiMAX (Invitrogen).
Image analysis
Phase-contrast images of the samples were recorded using a digital
camera (Diagnostic Instruments) connected to a reversed phase-
contrast microscope (Leica). The public domain software ImageJ was
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process and analyze the images. The main processing steps applied to
the images are shown in Fig. 2D. Brieﬂy, after correction for uneven
illumination, the image underwent grey level threshold and contour
smoothing to obtain the binary image of the tissue area. By using
binary thinning procedures (Seul et al., 2000), the skeleton of this
image was also derived and pruned to remove small artifactual
branches. The number of terminal points and the number of branching
points of the binary skeleton were then estimated. The former
corresponds to the number of recognizable tissue branches; the latter
provides an index of structural complexity of the sample (Guidolin et
al., 2004). Finally, by tracing a poly-line with vertices located at the
middle-point of each terminal branch of the binary skeleton, the area
of tissue forming branches was measured and expressed as a percent
of the total tissue area.
The number of formed branches, percentage of tissue area involved
in branching, and branching complexity (i.e. the number of branching
points of the binary skeleton) were the morphometric parameters
estimated from each of 15 samples per group. Data were processed by
using statistical analysis software (GraphPad Prism 3.03, GraphPad
Software Inc., San Diego, USA). P≤0.05 was considered statistically
signiﬁcant. Comparisons ofmorphometric parameters between LNA17
and SCRA-treated tissue cultures were performed by Student's two-
sample t-test.
Cell culture
Mouse lung epithelial cells (MLE12) (ATCC) were grown in
DMEM/F12 (Invitrogen) in the presence of transferrin at 5 μg/ml,
hydrocortisone at 10 μM, β-estradiol at 10 μM, HEPES at 10 mM, and L-
glutamine 2 mM (SIGMA). Cells were grown in presence of penicillin/
streptomycin and 2% FBS. Mouse mammary gland epithelial cells
(NMuMG) (ATCC) were grown in DMEM in the presence of glucose at
4.5 g/l, sodium bicarbonate at 1.5 g/l, bovine insulin at 0.01 mg/ml
(SIGMA) and 10% FBS.
Cell transfection and transduction
Modulation of miR-17 paralogs was obtained by use of LNA17 or
SCRA, or MIM17. For Stat3 or Mapk14 silencing pools of speciﬁcally
optimized small interfering RNA (siMapk14 and siStat3) and
scrambled siRNA (siScra) were used (On-Target plus siRNA, Thermo
Scientiﬁc). Molecules were added at 5 nM to the cells in presence of
0.1% lipofectamine RNAiMAX (Invitrogen) in media without anti-
biotics. After 5 h media was replaced with fresh complete media and
cells grown for 36 h. Cell were then starved for 12 h with minimum
media without serum in presence of 250 ng/ml FGF10 and then
harvested for the analysis or ﬁxed for staining. Adenoviruses for
Mapk14, Stat3 or GFP were added 24 h after plating of the cells at 50%
conﬂuence and then the same procedure used after transfection was
followed. Experiments were repeated in triplicate. Adenoviruses
having comparable titers were used. Effectiveness of siRNAs and
adenoviruses were tested by real-time PCR on MLE12 cells.
Immunohistochemistry for whole-mount and sectioned tissue
Epithelial lung explants were ﬁxed in 4% PFA, and hydrated by
washing several times in Wash PBS (PBS containing 0.05% Tween-20,
0.1% BSA and 0.02% Sodium Azide). Tissues were then pre-incubated
with 0.1% Triton X-100 in PBS for 5 min for membrane permeabiliza-
tion, and washed 5×with Wash PBS. Tissues were then incubated in
FBS diluted 1/20 in PBS for 45 min . Then, tissues were drained and
incubated overnight at 4 °C with CDH1 antibody at 1:50 diluted in
Wash PBS. The following day, samples were rinsed 5 times in Wash
PBS. For the analysis on slides, tissues were ﬁxed in 4% PFA, gradually
dehydrated in ethanol, impregnated with toluene, embedded inparafﬁn, and sectioned into 5 μm slices on poly-L-lysine coated slides.
Antigen retrieval was performed by boiling the sample for 12 min in
Na-citrate buffer (10 mM, pH 6.0) (Vector). CDH1 antibody (Ab) (BD
Biosciences) was used at 1:100, andMAPK14 antibody (Cell Signaling)
was used at 1:20. Incubation at 4 °C was performed in TBST with 3%
bovine serum albumin. Secondary ﬂuorescence antibodies (Jackson
Immunoresearch) were used for protein detection. DAPI (a nuclear
dye of 4,6-diamidino-2-phenylindole; Vector Labs) was used to
counterstain the DNA. Photomicrographs were taken using a Leica
DMRA ﬂuorescence microscope with a Hamamatsu digital camera.
Digital analysis of CDH1 intensity and distribution was performed
with the software MetaMorph (Molecular Devices). Cells analyzed in
four different epithelial lung explants for each condition were
analyzed. Data were reported as means±SEM and P≤0.05 was
considered statistically signiﬁcant.
β-galactosidase staining
TOPGAL mice were obtained from The Jackson Laboratory. TOPGAL
epithelial explants were ﬁxed in 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) at 4 °C for 5 min with rocking,
washed twice for 5 min in PBS at 4 °C, then transferred into freshly
prepared X-gal solution and stained at 37 °C until a clear precipitate
formed, modiﬁed from (Hogan et al., 1994). After rinsing with PBS,
epithelial explants were post-ﬁxed in 4% PFA in PBS. For vibratome
sections, sampleswere embedded in amixture of 300mg/ml albumin,
5 mg/ml gelatin, and 0.6% glutaraldehyde, and sectioned at 30 μm.
Proliferation analysis
Ki67 antibody (Labvision) was used at 1:200, and signal was
developed with the Histostatin Rabbit Primary Kit (Zymed-Invitro-
gen) following the manufacturer's instructions. Slides were counter-
stained with Hematoxilyn. The total number of cells and the number
of Ki67 positive cells in the epithelial lung explants were scored in 6
photomicrographs at the tip portions of 3 different sections in each of
3 MIM17-, 3 LNA17- and 3 SCRA-treated epithelial lung explants. The
signiﬁcance of the difference in proliferation between SCRA-treated
and MIM17- or LNA17-treated samples was evaluated by Student's
two-sample t-test.
Migration assay
A colorimetric chemotaxis cell migration assay (Millipore) was
used for this analysis according with the manufacturer protocol.
Brieﬂy, MLE12 cells were transfected with SCRA, LNA17, and MIM17.
After 48 h cells were harvested and plated at 30% conﬂuence into 8 μm
pore size membrane and grown in DMEM:F12 without FBS. After 24 h
fresh media containing 250 ng/ml FGF10 was added, and after 14 h
cells were stained and spectrophotometer reading at 560 nm (ND-
1000, Nanodrop) was performed. Three experiments were performed
for each group.
Adenoviral constructs
Adenoviral constructs for Stat3 and Mapk14 were produced using
an adenoviral vector carrying a CMV promoter (ViraPower Adenoviral
Expression System, Invitrogen). Coding sequences were NM_011951
for Mapk14 and NM_213659 for Stat3 and were cloned into an entry
vector (pENTR-11, Invitrogen) before being transferred to the ﬁnal
vector. Adenoviruses were produced with HEK293A cells carrying E1a
and E1b proteins necessary to generate the adenovirus. After repeated
cycles of ampliﬁcation, the adenoviruses were concentrated using a
spin column based system (Cell Biolabs) and titered using an
immunoassay with an antibody against hexon (Cell Biolabs). The
titer obtainedwas between 107 and 108 transducing U/ml. Adenovirus
Fig. 1.MicroRNA expression proﬁles in embryonic versus adult lung and miR-17, miR-20a, and miR-106b spatial and temporal expression in embryonic lung. (A) Real-time PCR was
done using primers that can identify 80 individual miRNAs, as listed in the panel, on total RNA extracted from embryonic (E10.5 and E11.5) versus adult lung to identify differentially
expressed miRNAs. Results are shown as a heat map wherein green and red represent higher expression in the adult and embryonic lung respectively. mir-17 was clearly the most
highly expressed in the early embryonic lung as compared to that of the adult. (B) Real-time PCR speciﬁcally tracking miR-17 in the embryonic, post-natal, and adult lung was carried
out to determine its temporal expression. (C) Real-time PCR of miR-17 in the epithelium versus the mesenchyme of E12.5 embryonic lung was performed to determine its spatial
localization within the embryonic lung (D–F), and the results were conﬁrmed by in situ hybridization (ISH) in E12.5 embryonic lung. Whole-mount ISH (D, 3.2 and 14×) was further
analyzedwith vibratome sectioning (E, 3.2 and 14×). Control ISH was carried out using a probe composed of a scrambled sequence (F,14×). (G) Real-time PCR speciﬁcally comparing
miR-20a and miR-106b expression in the embryonic, post-natal, and adult lung is shown. (H) Real-time PCR of miR-20a and miR-106b in the epithelium versus the mesenchyme of
E12.5 embryonic lung showing their relative spatial localization within the embryonic lung. Data in (B), (C), (G), and (H) are reported as means±SEM.⁎=P≤0.05. mes,
mesenchyme; epi, epithelium; SCRA, scrambled probe.
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triplicate with adenoviruses having comparable titers.
Computational target prediction
Stat3 andMapk14were identiﬁed as principal miR17 targets based
on the on-line available prediction databases TargetScan (http://
www.targetscan.org/) and Miranda (http://www.microrna.org/
microrna/). Seventy base pairs at the 5′ UTR and 3′ UTR of the miR-Fig. 2. miR-17, miR-20a, and miR-106b downregulation disrupted progression of embryonic
epithelial explants grown for 48 h in the presence of locked nucleic acid, scrambled (SCRA
knockout probe. miR-17, miR-20a and miR-106b (three paralogs of the miR-17 family wit
administration, while miR-19b, a control member of the miR-17–92 cluster, was not affect
transfected into the epithelial lung explants and was visible after 36 h. (C, 12× and 4×) Epithe
the presence of 250 ng/ml FGF10. SCRA administration did not alter the normal pattern of b
presence of FGF10 (right two images). (D) Morphometric parameters of LNA17- and SCRA-tr
signiﬁcance. To the left, a description of the processing steps is depicted: the image of the tissu
tissue area. The binary skeleton of this image was estimated and terminal branches (yellow
image of the tissue area. The fraction of tissue involved in branching was then objectively de
terminal branch of the binary skeleton (red). To the right, the morphometry from ﬁfteen sa17 binding position were further analyzed with the software mfold
(Mathews et al., 1999; Zuker, 2003) (http://mfold.bioinfo.rpi.edu/
cgi-bin/rna-form1.cgi) to determine the secondary structure and free
energy. As a threshold for mouse sequences we used the previously
reported value dG=−13.4 kcal mol−1 (Zhao et al., 2005). Stems
≥10 bp were considered stabilizing elements, while hairpin loops
≥11 bp, interior loops ≥9 bp, bulge loops ≥7 bp, multiple branching
loops ≥11 bp, and joint sequences and free ends ≥11 bp were
considered destabilizing elements (Zhao et al., 2005).lung epithelium branching. (A) Real-time PCR using total RNA extracted from isolated
) or miR-17 speciﬁc (LNA17) was performed to determine the speciﬁcity of the LNA17
h high sequence conservation) showed signiﬁcantly reduced expression after LNA17
ed. Data are reported as means±SEM. (B, 40×) Fluorescein-labeled LNA17 probe was
lial lung explants were grown for 72 h in a matrigel-based three-dimensional scaffold in
ranching progression (left two images), while LNA17 interfered with branching in the
eated epithelial lung explants were collected and analyzed to determine their statistical
ewas corrected for uneven illumination and thresholded to obtain a binary image of the
) and branching points (blue) were identiﬁed. They are shown superimposed onto the
ﬁned as the area external to the poly-line with vertices located at the midpoint of each
mples per group was analyzed. Data are reported as means±SEM. ⁎=P≤0.05.
Fig. 3. CDH1 distribution is disrupted after miR-17, miR-20a, andmiR-106b downregulation. (A, 20× and 60×) NMuMG cells were transfectedwith LNA17, SCRA, or LNA17 andMIM17.
CDH1 IHC was performed to determine the impact of miR-17 downregulation on CDH1 distribution (green). Nuclei were stained with DAPI (blue). (B, 63×) Whole-mount IHC was
performed using epithelial lung explants transfected with LNA17, SCRA, or LNA17 and MIM17, and grown for 72 h in presence of 250 ng/ml FGF10 to monitor changes in CDH1
distribution. (C) Real-time PCR using epithelial lung explants from the treatment described in (B) was carried out to determine variations in Cdh1mRNA levels. (D) Immunoblotting
analysis was performed using whole-cell extract from NMuMG cells treated as described in (A) to monitor Cdh1 changes at the translational level. (E, 63× and 330×) IHC was
performed for CDH1 (red) using 5 μm sections from epithelial lung explants treated as described in (B). On the left, images of terminal buds from scrambled LNA (top) or LNA17
(bottom) treated epithelial explants. On the right, electronic magniﬁcation of single cells showing the selected area (dashed lines) used to analyze CDH1 signal intensity and
distribution (F, top). Data from cells analyzed in four different epithelial lung explants for each condition were analyzed (F, bottom). Data are reported as means±SEM. ⁎=P≤0.05.
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The predicted binding sequences on the 3′ UTR ofMapk14 and Stat3
were synthetically produced by PCR and transferred into a luciferase
reporter vector. For each binding position, reporter vectors with one, two
or three copies of the sequencewere created. To determine the speciﬁcity
of the interaction, reporter vectors containing “seed”mutated sequences
were generated using speciﬁc primers. The speciﬁc primer sequences
were the following: forMapk14wild type, Forward (F) 5′-GGCTAGTCTA-
GATTTTCTGA-3′ and Reverse (R) 5′-GGCTAGTCTAGACAAAGTGC-3′, were
used with the single copy template 5′-GGCTAGTCTAGATTTTCTGAATTTT-
GAGCACTTTGTCTAGACTAGCC-3′, the double copy template 5′-
GGCTAGTCTAGATTTTCTGAATTTTGAGCACTTTGTTTTCTGAATTTTGAGCA
CTTTGTCTAGACTAGCC-3′, and the triple copy template 5′-GGCTAGTCTA-
GATTTTCTGAATTTTGAGCACTTTGTTTTCTGAATTTTGAGCACTTTGTTTTCT-
GAATTTTGAGCACTTTGTCTAGACTAGCC-3′. For Mapk14 mutant, R 5′-
GGCTAGTCTAGAGTCGTCTG-3′ was used with the same forward used
for the wild type. Templates for Mapk14 mutant were: GGCTAGTCTA-
GATTTTCTGAATTTTGTCAGACGACTCTAGACTAGCC for the single copy,
GGCTAGTCTAGATTTTCTGAATTTTGTCAGACGACTTTTCTGAATTTTGTCA-
GACGACTCTAGACTAGCC for the double copy, and GGCTAGTCTA-
GATTTTCTGAATTTTGTCAGACGA CTTTTCTGAATTTTGTCAGAC-
GACTTTTCTGAATTTTGTCAGACGACTCTAGACTAGCC for the triple copy
For Stat3 wild type, Forward (F) 5′-GGCTAGTCTAGAGCTATCT-3′ and
Reverse (R) 5′-GGCTAGTCTAGAAAAGTGCC-3′, were used with the single
copy template 5′-GGCTAGTCTAGAGCTATCTTTGGGCAATCTGGG-
CACTTTTCTAGACTAGCC-3′ and the double copy template 5′GGCTAGTC-
TAGAGCTATCTTTGGGCAATCTGGGCACTTTGCTATC TTTGGGCAATCTGGG-
CACTTTTCTAGACTAGCC-3′, while using 5′-GGCTAGTCTAGATAT
CTTTGGGCAATCTGGGCACTTTTATCTTTGGGCAATCTGGGCACTTT-
TATCTTTGGGCAATCTGGGCACTTTTCTAGACTAGCC-3′ for the triple copy
template, the same Rwas usedwith the F 5′-GGCTAGTCTAGATATCTTTG-
3′. For Stat3 mutant, R 5′-GGCTAGTCTAGATCGTAC TC-3′ was used with
the same forward used for the wild type. Templates for Stat3 mutant
were: GGCTAGTCTAGAGCTATCTTTGGGCAATCTGGAGTACGATCTAGAC-
TAGCC for the single copy, GGCTAGTCTAGAGCTATCTTTGGGCAATCTG-
GAGTACGAGCTATCTTTGGGC AATCTGGAGTACGATCTAGACTAGCC for the
double copy, and GGCTAGTCTAGATATCTT TGGGCAATCTGGAGTACGA-
TATCTTTGGGCAATCTGGAGTACGATATCTTTGGGCAATCTGGAGTACGATC-
TAGACTAGCC for the triple copy. The vector backbone was a pGL4
luciferase reporter (Promega) carrying a synthetic ﬁreﬂy luciferase
(luc2), and our constructs were inserted downstream of the luciferase
gene into a unique Xba-I restriction site. A vector carrying Renilla
luciferase (Promega) was used as a control to normalize luminescence
levels. Experiments were carried out in triplicate using a Dual-luciferase
reporter assay system (Promega) with a Victor3 Luminometer
(PerkinElmer).Results
Developmental expression of miR-17, miR-20a and miR-106b in the
embryonic lung
We used real-time PCR to study the expression of miRNAs in
embryonic lungs as compared to the adult lung (summarized as a heat
map in Fig. 1A). Among the 80 miRNAs analyzed, 17 were highly
expressed, 30 at medium levels, 23 at low levels, and 10 at very low
levels. Furthermore, 39 miRNAs were highly expressed in the adult
lung as compared with the embryonic lung. Among them are miRNAsFig. 4.miR-17, miR-20a, and miR-106b downregulation affects beta-catenin activity as well a
using epithelial lung explants obtained from TOPGAL mice. Tissues were treated with 250 n
mount (top) and 30 μm vibratome sections (bottom) are shown. (B) The effect on Beta-cate
Bmp4 and Fgfr2b. (C, 20× and 90×) Changes in cell proliferationwere monitored by IHC for K
(D) MLE12 cells treated as described in (A), were harvested after 48 h, plated into an 8 μm
determine changes in migration capability. Data are reported as means±SEM. ⁎=P≤0.05.that may participate in maintaining adult lung homeostasis: miR-126
has been noted for its importance in regulating the response of
endothelial cells to VEGF, controlling vascular integrity and angiogen-
esis (Fish et al., 2008); and let-7a can regulate cellular proliferation,
targeting Ras in human colon cancer cells (Akao et al., 2006)
potentially contributing to the maintenance of correct cellular growth
in the adult lung through this mechanism. Conversely, 19 miRNAs had
maximum expression during early embryonic stages, suggesting they
may play a prominent role during lung development. Our miRNA
expression data generally agreedwith a previous report onmicroarray
analysis of miRNA expression in embryonic lung (Lu et al., 2007).
Among the miRNAs more highly expressed during lung development,
miR-17 stood out because if its high and stable level of expression
during the pseudoglandular stage. Its expression then progressively
declined, reaching a minimum level in the adult lung (Fig. 1B).
Analysis of miR-17 distribution in the embryonic lung by real-time
PCR and in situ hybridization at E12.5 showed expression in both
mesenchyme and epithelium with relatively higher expression in the
epithelium (Figs. 1C–F). Three miRNA clusters exist within the miR-17
family. miR-106a–363 expression is not detectable (Ventura et al.,
2008) and therefore miR-106a and miR-20b were not taken under
consideration. Within miR-17–92 and miR-106b–25 clusters, miR-20a
and miR-106b have high sequence similarity with miR-17 (Fig. 2A)
and therefore were also analyzed. miR-20a temporal expression
during lung development is similar to miR-17 (Fig. 1G), but it is
ubiquitously expressed in E12.5 embryonic lung (Fig. 1H). miR-106b
during embryonic stages is highly expressed starting from E12.5 and
has an even higher level of expression in adult lung (Fig. 1G). The
spatial expression of miR-106b correlatedwithmiR-17, being higher in
the epithelium compared with the mesenchyme of E12.5 embryonic
lung (Fig. 1H). Taken together these data suggest a possible functional
role of miR-17 and its paralogs miR-20a and miR-106b during
embryonic lung development.Abnormal branching in embryonic lung epithelial explants after miR-17,
miR-20a and miR-106b downregulation
To determine the speciﬁc effect of miR-17 paralogs during lung
morphogenesis, we downregulated miR-17, miR-20a and miR-106b
expression in epithelial lung explants using amiR-17 speciﬁc LNA probe
(LNA17) and a scrambled LNA (SCRA) as control. In total, 22 LNA17 and
20 SCRA transfections were carried out. Within the LNA17 treated
tissues, 15 samples that showed altered phenotype were analyzed.
Positive transfectionwas observed asﬂuorescence of FITC labeled LNA17
(Fig. 2B) or by real-time PCR miR-17 expression (Fig. 2A). miR-17, miR-
20a and miR-106b have high sequence homology (Fig. 2A top) and
LNA17 was able to simultaneously downregulate expression of all three
of them(Fig. 2Abottom). A controlmiRNAmemberof themiR-17 family,
miR-19b, with low sequence similarity to miR-17 was used as a
speciﬁcity control (Fig 2A bottom). For the 7 samples that did not
show changes of phenotype, real-time PCR revealed miR-17 down-
regulation ≤20% compared with the 70% of samples showing altered
phenotype. At 72 h after transfection, epithelial explants showed
signiﬁcant branching defects compared with lung grown with FGF10
and SCRA (Fig. 2C).Morphometric analysis showed increases in both the
number of terminal branches and the areaof thebranches.Nevertheless,
the number of primary branching points did not signiﬁcantly change,
suggesting that when miR-17 paralogs expression is inhibited, the
ordered and sequential progression and extension of early isolateds cell migration and proliferation. (A, 10× and 40×) Beta-catenin activity was analyzed
g/ml FGF10 and SCRA, LNA17, or MIM17, and harvested after 72 h for analysis. Whole-
nin activity was conﬁrmed by an analysis of downstream targets with real-time PCR for
i67 produced on 5 μm sections from epithelial lung explants treated as described in (A).
pore size membrane and stimulated with 250 ng/ml FGF10 after starvation for 24 h, to
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Fig. 5.miR-17 paralogs directly targets the 3′-UTR of Stat3 andMapk14. (A) Stat3 andMapk14 temporal differential expression was determined by real-time PCR performed on total
RNA extracted from embryonic, post-natal, and adult lungs. (B) miR-17, miR-20a, and miR-106b binding to the 3′ UTR of Stat3 and Mapk14 are shown. (C) 70 bp miR-17 binding
position ﬂanking regions secondary structure and free energy (dG) are shown for Stat3 and Mapk14 based on mfold analysis. (D) MLE12 cells were transfected with expression
vectors containing the luciferase open reading frame coupled with one, two, or three copies of the mutated (MU) or wild type (WT) miR-17 paralogs binding sequence of Stat3 or
Mapk14. Co-transfection with Renilla luciferase-expressing vector was used as a system to normalize luminescence levels. Data are reported as means±SEM. ⁎=P≤0.05. (E)
Immunoblotting from MLE12 cells whole extract after treatment with SCRA or LNA17 was performed to determine miR-17 paralogs translational regulation of Stat3 and Mapk14.
246 G. Carraro et al. / Developmental Biology 333 (2009) 238–250epithelial branching is disrupted rather than the initiation of individual
early branching events (Fig. 2D).
Altered expression and distribution of CDH1 after miR-17, miR-20a and
miR-106b downregulation
In order to determine whether the observed phenotype was
related to any alteration in epithelial cell–cell adhesion, we analyzed
CDH1 expression. Epithelial cells transfected with LNA17 showed asharp loss of CDH1 distribution at their interacting edges compared
with SCRA transfected epithelial cells. The resulting cell shape was
rounded with diffuse CDH1 expressionwithin the cell. In experiments
in which MIM17 was co-transfected with LNA17, a rescue of the
phenotype was observed (Fig. 3A). Similar results and rescue were
obtained with epithelial lung explants after transfection with LNA17
alone or co-transfection of LNA17 with MIM17 (Fig. 3B). Cdh1 changes
at transcriptional level were not observed after LNA17 treatment (Fig.
3C), while differences of protein levels were observed after both
Table 1
Analysis of predicted miR-17, miR-20a, and miR-106b binding sites ﬂanking UTRs of
Mapk14 and Stat3.
3′-UTR
sequence
mFold dG (kcal/mol) Structure
5′ 70 bp 3′ 70 bp SE DSE
Mapk14 −9.9 −11.4 – HL, FE, MBL
Stat3 −5.4 −8.9 – HL, J
Free energy (dG) of the 5′-UTR and 3′ UTR ﬂanking the miR-17 predicted binding
position forMapk14 and Stat3. No Stabilizing Elements (SE) were present. Destabilizing
Elements (DSE) are indicated: HL, Hairpin Loop; FE, Free End; MBL, multi-branching
loop; J, Joint.
247G. Carraro et al. / Developmental Biology 333 (2009) 238–250LNA17 and MIM17 (Fig. 3D). Analysis of sections from epithelial lung
explants conﬁrmed these alterations in epithelial cell shape and CDH1
distribution (Fig. 3E). Quantitative analysis on single cells showed that
LNA17 treatment was characterized by lower expression andFig. 6. Simultaneous modulation of Stat3 and Mapk14 mimics miR-17 paralogs effect. (A) Re
with Stat3 and Mapk14 adenovirus to determine the effectiveness of the adenoviral con
adenovirus. Data are reported as means±SEM. ⁎=P≤0.05. (B, 20×) IHC for CDH1 (red) an
Mapk14 by transduction with their speciﬁc adenovirus. (C) Immunoblotting from MLE12 cel
determine changes in CDH1.increased lateral diffusion of CDH1 at the cell edges, the points of
cell-to-cell interaction (Fig. 3F).
Downstream effects of miR-17, miR-20a and miR-106b downregulation
on epithelial beta-catenin activity, migration, and proliferation
We used epithelial explants obtained from TOPGAL transgenic mice
to determine if the alteration of Cdh1 expression observed after miR-17,
miR-20a, and miR-106b downregulation affected beta-catenin activity.
Transfection with LNA17 produced increased beta-catenin activity as
shown by augmented TOPGAL expression in the branching epithelium.
This phenotype was rescued after co-transfection of LNA17 and MIM17
(Fig. 4A). Furthermore, direct beta-catenin targets such as Bmp4 and
Fgfr2b were positively regulated after miR-17, miR-20a, and miR-106b
downregulation, supporting the functional importance of these changes
in beta-catenin activity (Fig. 4B). Bmp4 overexpression in embryonic
lung epitheliumdriven by SPC promoter has been reported and resultedal-time PCR was performed on total RNA extracted from MLE12 cells after transduction
structs. Data were compared to results from MLE12 cells transduced with a control
d MAPK14 (green) was performed in MLE12 cells after the overexpression of Stat3 and
ls' whole extract after inhibition of Stat3 andMapk14 by siRNA transfection was used to
248 G. Carraro et al. / Developmental Biology 333 (2009) 238–250in diminished branching with dilated terminal buds (Bellusci et al.,
1996). Further, in vitro administration of BMP4 to isolated endoderm
migrating toward FGF10-loaded beads has been shown to inhibit bud
outgrowth (Weaver et al., 2000).Ourobserved increase in theareaof the
branches and disruption of budding shapemay be partially produced by
the increase in Bmp4, while the increase in the number of secondary
branches must be related to different regulators that we speculate may
be in turn related to CDH1 modulation.
Since CDH1 plays a key role in controlling the ability of epithelial
cells to dissociate andmigrate, we examined changes in the migratory
capability of epithelial cells after miR-17 alteration. Treatment of
MLE12 cells with LNA17 showed increased (60%) migration during
FGF10 stimulation, compared with cells treated with SCRA. Mean-
while, co-transfection with both LNA17 and MIM17 completely
rescued the ability of MLE12 cells to migrate towards FGF10, while
transfection with MIM17 alone did not produce any appreciable effect
(Fig. 4D).
The branching alteration observed during LNA17 treatment may
depend on changes in epithelial cell proliferation. To address this
possibility, we analyzed cell proliferation in epithelial lung explants
after LNA17 treatment as compared to proliferation after MIM17
administration. Treatment with LNA17 did not show signiﬁcant
changes in epithelial proliferation compared with samples treated
with SCRA. However MIM17 transfection produced a signiﬁcant (40%)
increase of epithelial proliferation (Fig. 4C). Increased cellular
proliferation was previously reported in transgenic mice misexpres-
sing the entire miR-17–92 cluster (Lu et al., 2007). Both MIM17 and
LNA17 treated samples, analyzed with TUNEL assay, did not show
signs of apoptosis (data not shown).Mapk14 and Stat3 are direct targets of miR-17 paralogs at the
translational level, and their simultaneous overexpression mimics
miR-17 paralogs downregulation
In order to identify transcripts directly regulated by miR-17
paralogs we analyzed available miRNA target prediction software for
putative miR-17, miR-20a and miR-106b target genes (TargetScan and
Miranda). Candidate genes were analyzed at the target position
ﬂanking regions to determine their level of accessibility with the
softwaremfold. Two genes,Mapk14 and Stat3, were shown to posses a
free energy higher than the characteristic threshold level for mouse
models (dG=−13.4 kcal mol−1, Zhao et al. 2005) (Fig. 5C) and to
have destabilizing elements in their secondary structure that may
facilitate the accessibility of miR-17, miR-20a, and miR-106b to the
binding site (Table 1). The levels of expression of both Stat3 and
Mapk14 in embryonic lung development are stable during the
pseudoglandular stage (Fig. 5A), suggesting that their stabilization
may be important for correct branching morphogenesis. To determine
the ability of miR-17 paralogs to directly bind to the 3′-UTR of these
two genes (Fig. 5B), we produced luciferase-expressing vectors
containing respectively one, two, or three copies of their target
position. Vectors containing one, two or three copies of the target
position mutated inside the “seed” sequence were used as reference
for the quantiﬁcation of luciferase expression. Transfection of the
luciferase vectors into MLE12 epithelial cells showed a progressive
reduction in luminescence. For Stat3 in the presence of one, two, or
three copies of the target sequence, 29%, 32%, or 50% luminescence
reduction was observed, while for Mapk14 the decrease was
respectively of 20%, 37% or 46%. This result demonstrates the
speciﬁcity of the binding of miR-17, miR-20a and miR-106b to the
3′-UTR of Stat3 and Mapk14 (Fig. 5D).
Regulation of Stat3 and Mapk14 expression at the translational
level was then analyzed by western blotting after miR-17, miR-20a,
and miR-106b downregulation, conﬁrming the expected changes in
protein levels (Fig. 5E).To determine the ability of Stat3 and Mapk14 to control Cdh1
expression, we used adenoviral overexpression approaches in MLE12
epithelial cells. The effectiveness of the adenoviral construct was
determined by real-time PCR (Fig. 6A). While the individual over-
expression of Stat3 or Mapk14 did not produce evident changes in
CDH1 distribution (data not shown), co-overexpression of both
molecules strongly replicated the effect observed on CDH1 after
LNA17 administration, and co-staining of epithelial cells with CDH1
and MAPK14 showed an inverse correlation between CDH1 levels and
MAPK14 expression (Fig. 6B). Furthermore while downregulation of
Stat3 alone (data not shown) or Mapk14 alone (Fig. 6C) with speciﬁc
siRNAs did not modify CDH1 expression, downregulation of both Stat3
and Mapk14 showed speciﬁc overexpression of CDH1 (Fig. 6C).
We therefore conclude that mir-17 family of miRNA, speciﬁcally
miR-17, miR-20a and miR-106b, negatively modulate FGF10-FGFR2b
downstream signaling by speciﬁcally targeting Stat3 and Mapk14,
hence regulating activation of Cdh1 and beta-catenin, which in turn
modulate epithelial bud morphogenesis in response to FGF10
signaling.
Discussion
In this report we have identiﬁed a speciﬁc role of miR-17 family of
miRNAs in maintaining homeostasis of epithelial structure within
embryonic lung during branching morphogenesis. We used in vitro
gain and loss of function approaches to test our hypothesis that an
important function of miR-17, miR-20a, and miR-106b is to maintain
correct CDH1 distribution during branching morphogenesis. Changes
in branching and epithelial homeostasis were found during miR-17
paralogs loss of function experiments and these were associated with
changes in Cdh1 expression. Furthermore, we determined that miR-17,
miR-20a, and miR-106b directly target both Mapk14 and Stat3, which
in turn regulate CDH1.
Dynamic adhesive mechanisms are important for the maintenance
of correct epithelial tissue architecture during development. Cell–cell
interaction in the epithelium of the developing lung is subject to
dynamic changes during growth and speciﬁcation of branching patterns
(Warburton, 2008). CDH1 is a key adhesion receptor for epithelial cell
identiﬁcation and grouping during development; in its absence, the
interaction between extracellular matrix, cytoplasmatic plaques, and
other adhesionmolecules cannot bemaintained.Mouse embryonic lung
explants grown in the presence of a CDH1 antibody show an altered
pattern of branching (Hirai et al., 1989). The expression of Cdh1, like
other cadherins, is regulated at both transcriptional and post-transla-
tional levels and is controlled during trafﬁcking and arrangement at the
cell surface (Halbleib and Nelson, 2006). Therefore, precise control of
Cdh1 expression is necessary for cell–cell interaction during lung
development. Herein, we provide evidence that miR-17, miR-20a, and
miR-106b have a critical function to control Mapk14 and Stat3, thus
maintaining correct CDH1 levels and hence avoiding excessive loss of
CDH1 during lung branching morphogenesis.
miR-17 and miR-20a expression is higher early in embryonic lung
development and decreases with gestational age, miR-106b expres-
sion is also high during embryonic stages between E-12.5 and E16.5
and then becomes even higher again in the adult lung. Most
importantly these three miRNAs are clearly present during the
pseudoglandular stagewhen the embryonic lung undergoes repetitive
budding to develop its characteristic three-dimensional architecture.
Mapk14 and Stat3 also both maintain stable expression during the
pseudoglandular stage. Taken together with our observation of a
synergistic function of Mapk14 and Stat3, this suggests that the stable
and correct expression of both Mapk14 and Stat3 are important in
maintaining the correct level of CDH1 during the early and critical
stages of lung branching morphogenesis.
Mapk14 has been implicated in regulation of developmental
processes such as wing development in Drosophila (Adachi-Yamada
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of CDH1 degradation has been demonstrated in mice: disruption of
MAPK14-interacting protein, a speciﬁc MAPK14 activator, can cause
defects in neural tube and eye formation as well as gastrulation due to
impaired CDH1 degradation (Zohn et al., 2006). Mapk14 also has a
functional role in lung branching morphogenesis. Both chemical
inhibitors and short hairpin RNAs againstMapk14 produced increased
levels of CDH1, leading to impaired branching (Liu et al., 2008). These
data are consistent with our results on Mapk14 overexpression
following miR-17 downregulation with LNA, in which CDH1 expres-
sion was notably altered. On the other hand, overexpression of
Mapk14 alone did not affect CDH1 localization (data not shown). Our
observations were nevertheless consistent with the data of Liu et al. in
which Mapk14 downregulation showed changes in Cdh1 expression
but not in its localization. Furthermore, our data onMapk14 and Stat3
co-overexpression and co-downregulation reinforce the concept that
both molecules are important in simultaneously controlling CDH1
distribution.
Stat3 has been implicated in the regulation of cell motility during
reparative processes in the lung (Kida et al., 2008) and has an
important role during branch formation in neural path ﬁnding
(Conway, 2006). This correlates with our observation of increased
migratory ability of MLE12 cells after miR-17 downregulation.
Furthermore, Stat3 has been shown to be essential during gastrulation
movements in zebraﬁsh because it is responsible for activating Snail, a
negative regulator of Cdh1 expression (Yamashita et al., 2004).
The effect of miR-17, miR-20a, and miR-106b downregulation in
our in vitro system can be considered a multiple-target effect. Our
results show that co-overexpression of Mapk14 and Stat3 can mimic
the effect of miR-17 downregulation. Therefore, Mapk14 and Stat3 are
two main molecules that must apparently interact to produce this
phenotype.
Other targets of miR-17 have also been identiﬁed, but none of
them seem to be major candidates for participating in the regulation
of epithelial structural homeostasis. E2f1 is an important regulator of
apoptosis, but lung development is characterized by the relatively
complete absence of apoptosis. In our system, no changes in
apoptosis were observed after up or down regulation of miR-17
(data not shown). AIB1 is a proto-oncogene, and cells derived from
mice in which this gene was deleted showed decreased proliferation
in response to insulin-like growth factor 1 (Wang et al., 2000). Since
miR-17 overexpression produced a hyperproliferative effect on
epithelial cells, AIB1 cannot be logically implicated in our model.
Rbl2 has been proposed as a direct target of miR-17 (Lu et al., 2007),
and its deletion produce epithelial cell hyperplasia. Downregulation
of Rbl2 in our experiments of miR-17 overexpression could
conceivably contribute to the hyper-cellularity that we have
observed. However Rbl2 expression becomes important in the lung
only during late embryonic stages and is higher in the adult.
Therefore, its major involvement during the early stages of lung
development is unlikely.
Recently miR-17 has been suggested to have the ability to regulate
the G1/S cell cycle checkpoint by targeting both promoters and
inhibitors of proliferation in different contexts (Cloonan et al., 2008).
While blocking the effects of proliferation inhibitors such as MAPK9 or
p21 may account for increased proliferation after miR-17 over
expression, in our system inhibition of miR-17 did not produce an
arrest of proliferation. This suggests that the changes in Cdh1
expression and localization that we observed are not likely to be
caused primarily by changes in cell cycle regulation.
In vivo overexpression of the miR-17–92 cluster has been reported
to produce hyper-cellularity in the lung (Liu et al., 2007). These data
are consistent with our results in which speciﬁc overexpression of
miR-17 produced increased cell proliferation.
Hypoplastic lung at embryonic stage E18 was also noted in the
presence of in vivo deletion of the entire miR-17–92 cluster.Furthermore double knockout for miR-17–92 and miR-106b–25
clusters showed a more severe phenotype with lethality before
embryonic day 15 (Ventura et al., 2008). In the single deletion of miR-
17–92 cluster the authors state that even though hypoplastic lung was
observed no branching defects were observed. However, no detailed
analysis or discussion of embryonic lung phenotypes in the double
knockout were done therein. Our observations on alteration of
embryonic lung epithelium structural homeostasis after co-down-
regulation of miR-17, miR-20a and miR-106b, suggest that the double
knock out of miR-17–92 and miR-106b–25 cluster may indeed have
embryonic lung developmental abnormalities.
We therefore propose a model inwhichmiR-17, miR-20a, andmiR-
106b functions to maintain the correct level of expression and
distribution of CDH1 in embryonic lung epithelial cells through
negative modulation ofMapk14 and Stat3. Thus, if miR-17 paralogs are
eliminated or inhibited, the structural integrity of the process of
epithelial branching becomes compromised.
Conclusions
In summary we have identiﬁed a speciﬁc functional role of miR-17,
miR-20a, and miR-106b to control the structural homeostasis of the
epithelium during early embryonic branching morphogenesis in the
lung. The dual targets that we have identiﬁed are Mapk14 and Stat3,
which canmimic the phenotype elicited bymiR-17, miR-20a, andmiR-
106b co-inhibition, when they are overexpressed together. The
detailed molecular links between these two targets and the observed
alteration of Cdh1 expression remain to be further deﬁned.
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